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Abstract 
Additive Manufacturing (AM) is the process in which a part is built using a layer by layer approach. 
Due to the inherent nature of the process, support structures are required to support overhanging features 
while building a part by AM. Support Structures increase the build time and cost of manufacturing and 
also have an adverse effect on the surface finish of the part. This paper presents a new approach for 
minimizing support structures using space filling cellular structures in conjunction with Dijkstra’s 
shortest path algorithm to generate optimized support structures. Further, additional support accessibility 
constraints are applied to the support generation algorithm to ensure the ease of removal of the supports 
after manufacturing the part. The algorithm is validated by simulating the supports for two test parts 
while performing FEA analysis to test whether the generated structures are capable of supporting the 
weight of the part. A third test case is presented to verify the results of the algorithm using the support 
accessibility constraint. 
 
Keywords: Additive Manufacturing, Support Structures, Optimization, Unit cells, Shortest Path Algorithm, Support 
Accessibility. 
1 Introduction 
Additive Manufacturing (AM) has been gaining widespread popularity due to its ability to easily 
manufacture complex and intricate geometries and hence overcome the limitations of conventional 
manufacturing processes.  The application of this technology has traditionally been in rapid prototyping, 
but recently, AM has been used in mainstream manufacturing as well. Due to its immense potential, this 
technology has attracted the attention of many research groups across the world. Several recent papers 
have focused on improving the part quality by optimizing the process parameters of an AM process 
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 (Paul & Anand, 2014) (Paul & Anand, 2011) (Das, et al., 2015). The final quality of a part built by AM 
depends on many factors such as slice thickness, build orientation, support structures, thermal shrinkage 
and deformation (Thomas, 2009). Support Structures are one of the important factors to be considered 
in an AM process.  Overhanging features require external support structures and hollow parts require 
internal support structures (Dutta & Kulkarni, 2000).These support structures increase the build time 
and cost required to manufacture the part and result in a poor surface finish wherever they are in contact 
with the part (Thomas, 2009).Thus, it is critical that these redundant structures are optimized such that 
the build time and cost is minimized and the surface finish quality is improved. 
After building the part, it is important to remove all the support structures of the part during post 
processing. But sometimes, due to the complexity of the part, it is not possible to access and remove all 
the supports structures. Therefore, it is necessary to take into account the accessibility of support 
structures while designing them to reduce post processing time and cost of support removal. 
This work presents a new approach for building optimum support structures using cellular unit cells 
while employing Dijkstra’s shortest path algorithm (Dijkstra, 1959) for minimizing the support volume. 
Additional constraints are applied to the algorithm to build optimum supports taking into consideration 
the ease of removal and post processing of support structures. 
This paper is divided into 4 sections: literature review, methodology, results and conclusions. The 
literature review presents the prior work performed in support minimization. The methodology describes 
the Dijkstra’s shortest path based cellular structure algorithm for support generation. This section also 
describes the accessibility constraint introduced in the algorithm to facilitate the ease of removal of the 
support. Support contact area, support volume, and the total sintering area are then calculated in the 
results section and compared to a solid support for two sample parts. FEA is performed on the supports 
to validate and check if they support the weight of the feature.  
2 Literature Review 
Support Structures are an important factor to consider for additively manufactured parts. This section 
presents prior literature in the area of support structure generation and accessibility and is divided into 
three parts: the first part presents different support generation methodologies to minimize support 
structures, the second part explores other approaches towards support minimization while the third part 
discusses the literature on support structure accessibility. 
Chalasani et al. (Chalasani, et al., 1995) presented a computational algorithm for support 
minimization for fused deposition modeling using a ray casting approach. Huang et al. (Huang, et al., 
2009) proposed a sloping wall approach to minimize the support structures in FDM. Using this method, 
they were able to reduce the support volume by 30%. But, they did not consider reduction of total support 
contact area with the part.  Majhi et al. (Majhi, et al., 1999) implemented geometric algorithms to 
minimize the support contact area along with the support volume. Strano et al. (Strano, et al., 2013) used 
cellular structures generated by mathematical equations for support generation. Calignano (Calignano, 
2014) demonstrated the use of teethed support structures to reduce the support contact area. They built 
supports for aluminum and titanium parts and proposed optimum dimensions for the teethed support 
structure. Hussein et al. (Hussein, et al., 2013) investigated the use of different lattice structures and 
their volume fractions for support generation. Although, due to thin sections in the lattice structure, 
manufacturability was an issue. 
Apart from various support generation techniques, there has been research focused on finding 
optimum build orientation for minimizing support structures. Allen and Dutta (Allen & Dutta, 1994) 
developed a convex hull based approach to find the best orientation from the point of view of reducing 
support volume. Paul and Anand (Paul & Anand, 2014) implemented a voxel method to calculate the 
support volume required for a part in a given orientation. They also developed an optimization function 
for part orientation which reduces the overall support volume. Other researchers have tried to modify 
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 the design process or the manufacturing process to eliminate the use of support structures in AM. Leary 
et al. (Leary, et al., 2014) developed a method for designing optimal structures which do not require 
supports. But this approach towards design modification may not be possible for intricate parts. Yang 
et al. (Yang, et al., 2003) developed a multi-oriented deposition method in FDM in order to reduce the 
amount of support structures required. 
Support structure accessibility has been scarcely studied in literature. Within the co-authors research 
group, Samant et al. (Samant, 2015) investigated an octree based methodology for analyzing the support 
structure accessibility for a given part. Other researchers have published similar work in traditional 
manufacturing. The concept of using visibility maps for NC machines was studied by Chen and Woo 
(Chen & Woo, 1989). Binary spherical maps were used for the determination of machinability and setup 
configuration for 5 axis machining by (Kang & Suh, 1997). Kweon and Medeiros (Kweon & D.J., 1998) 
developed a method in which they used visibility maps for representation of directions which are 
accessible for inspecting tolerances in a CMM. 
3 Methodology 
This section explains the methodology used for generating support structures for a given part. Two 
different unit cells, truncated octahedron and rhombic dodecahedron are used to build supports. The 3D 
space containing the sample parts is first divided into a voxelized space consisting of these unit cells. 
The regions of the part requiring support are then identified using the 450 criterion (Thomas, 2009). 
Supports are then built using the Dijkstra’s shortest path algorithm (Dijkstra, 1959). The support 
generated is then compared to traditional solid supports based on total sintered area, total support volume 
and total contact area with the part. Figure 1 shows the overview of the support generation methodology. 
3.1 Unit Cells Voxels Used for Support Generation 
Truncated Octahedron (Figure 2a., 2b., 2c., 2d.) and Rhombic Dodecahedron (Figure 2e., 2f., 2g., 
2h.) are the two unit cells used in this study for support generation. Figure 2 also shows the volume 
fractions of each of these cells. These unit cells are chosen as they are space filling and have 14 and 12 
planar faces respectively that could serve as planar joint surfaces between unit cells. 
Figure 1. Overview of Methodology 
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The multiple faces of these unit cells also provide more flexibility for support generation in 
different directions. In this work, support structures are generated using different wall thicknesses of the 
unit cells. Manufacturability of these kinds of lattice cells was studied by Chua et al. (Chua, et al., 2003) 
(Chua, et al., 2003). Sudardamji et al. (Sudarmadji, et al., 2010) built an array of truncated octahedron 
lattices using selective laser sintering. Mechanical Properties of truncated octahedron and the rhombic 
dodecahedron have also been studied by researchers (Roberts & Garboczi, 2002) (Babaee, et al., 
2012).We can conclude from the research cited above that these lattice structures are manufacturable 
using AM processes and thus can be used for building light weight minimal support structures. 
3.2 Division of 3D Part Space into Unit Cell Voxelized Space 
Before applying the support generation algorithm, the part space has to be divided into a 
voxelized space consisting of unit cellular structures. This unit cell voxelized space is then used as a 
basis for the shortest path algorithm which traverses through this space to build support structures. The 
3D space containing the part and the substrate is first divided into an array of cubes voxels using a 
MATLAB algorithm ( Adam, 2010). The cubic voxel space is then converted to unit cell voxel space 
using the method presented in this section.  
To start with, the CAD model of the part is converted into the STL format and serves as input to the 
voxelization algorithm. This generates a ௫ܰ ൈ ௬ܰ ൈ ௭ܰ grid where Nx, Ny, Nz are the number of voxels 
in each direction. A value of ‘1’ is assigned to the cubic voxels containing the part and a value of ‘0’is 
assigned to the remaining cubic voxels in the 3D grid. The algorithm for converting this cube voxel grid 
to cellular octahedral voxel grid is represented in Figure 3. Each cubic voxel in the grid is checked and 
a one to one correspondence with the octahedral and the cubic voxel grid is established. After replacing 
each cube voxel with octahedral voxels, a void is generated for every 8 neighboring octahedral voxel as 
a. Solid  
(Vol. Frac. - 1) 
b. Hollow-1  
(Vol. Frac. - 0.64) 
c. Hollow-2  
(Vol. Frac. - 0.46) 
d. Hollow-3  
(Vol. Frac. - 0.23) 
f. Hollow-1  
(Vol. Frac. - 0.72) 
e. Solid  
(Vol. Frac. - 1) 
g. Hollow-2  
(Vol. Frac. - 0.48) 
h. Hollow-3  
(Vol. Frac. - 0.25) 
Figure 2. Truncated Octahedron and Rhombic Dodecahedron unit cell models 
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 show in Figure 4. The truncated octahedral voxel which will 
fit in this void is termed as ‘intermediate octahedral voxel’. 
To determine whether the intermediate octahedral voxel is a 
part voxel, the surrounding 8 octahedral voxels are checked 
and if all of them have a value of ‘1’ assigned, the 
intermediate octahedral voxel is also assigned a value of ‘1’ 
indicating that it is a part voxel. If all the surrounding 
octahedral voxels are void (i.e. have a value of ‘0’), the 
intermediate octahedral voxel is assigned a value of ‘0’ 
indicating a void. For surface octahedral voxels, since neither 
case is satisfied, surface points of the part are generated and 
a point in polygon test is performed to determine if the 
intermediate octahedral voxel is a part voxel.  
The result is a matrix of size  ௫ܰ ൈ ௬ܰ ൈ ௭ܰ which contains 
the information about the octahedral voxels which directly 
replaced the cube voxels. Another matrix of size ሺ ௫ܰ െ ͳሻ ൈ
ሺ ௬ܰ െ ͳሻ ൈ ሺ ௭ܰ െ ͳሻ which contains the information about 
intermediate octahedral voxels is also created. Thus, the 
cubic voxelized 3D space is converted in to a unit cell 
voxelized space using the truncated octahedron. In a similar 
manner, the cube voxel space can also be converted 
appropriately to rhombic dodecahedron voxel space.   
3.3 Minimum Overhang Angle Criteria 
After voxelizing the 3D part space using the cellular voxels, 
it is necessary to identify the facets of the STL file that 
require support in a part. This section describes the 
methodology for identifying such facets by applying the 
minimum angle criteria. After identifying these facets, all the 
unit cell voxels in contact with the facets are marked as 
support facets. Daniel Thomas (Thomas, 2009) proved that 
the all the overhang surfaces making an angle of 450 or more 
with the horizontal require support structures. Cloots et al. 
(Cloots, et al., 2013) suggested that all the surfaces making 
an angle of 350 or more with the horizontal require support structures. In this study, 450 is chosen as the 
threshold value. All the facets of the STL 
file, whose normals make an angle of 
more than 450 with the horizontal axis 
(normal to build axis) are identified as 
facets requiring support. These facets are 
then discretized into points as shown in 
Figure 5. All the unit cell voxels which 
contain at least one of these discretized 
points are marked as support voxels. 
These voxels which are directly in 
contact with the part are termed as 
‘interface unit cell voxels’ and are 
assigned a value of ‘2’ in the 3D voxel 
grid that was generated in the previous 
Figure 3. Voxelization using Unit 
Cellular Structures 
Cut Section showing 
intermediate octahedral 
unit cell voxel (in red) 
8 Octahedral voxels with 1 
intermediate octahedral 
voxel 
Figure 4. Intermediate octahedral unit cell arrangement 
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 section. The interface unit cell voxels identified in this section are the voxels that need to be eventually 
supported.  
3.4 Adjacency Matrix Generation for Dijkstra’s 
Algorithm 
This section describes the development of an adjacency matrix 
which is used as an input to the support generation algorithm. Dijkstra’s 
(1959) shortest path graph search based algorithm is used to traverse the 
3D unit cell voxel space and generate the minimal supporting path of unit 
cell voxels in between the interface unit cell voxels and the substrate/part 
unit cell voxel. Dijkstra’s algorithm employs a graph matrix which 
contains the information of the cost of traveling from one unit cell voxel node to its adjacent node. The 
algorithm solves an optimization problem which minimizes the cost of traveling from initial unit cell 
voxel to the final unit cell node voxel. Thus, to facilitate this algorithm, an ‘Adjacency matrix’ is defined 
for the entire cellular voxel space. The adjacency matrix has a size of ܰ ൈ ܰ where,  
ܰ ൌ ൫ ௫ܰ ൈ ௬ܰ ൈ ௭ܰ൯ ൅ ሺ ௫ܰ െ ͳሻ ൈ ሺ ௬ܰ െ ͳሻ ൈ ሺ ௭ܰ െ ͳሻ ……… (1) 
 
The adjacency matrix assigns a cost of traversal from each voxel in the 3D unit cell voxel grid to 
each adjacent voxel. Each truncated Octahedron will have 14 adjacent unit cell voxels while rhombic 
dodecahedron will have 12 adjacent unit cell voxels. The cost of traversing to each adjacent unit cell 
voxel is assigned on the basis of the table shown in Table 1: 
 
Type of Unit Cell Voxel Cost 
Unit Cell Part Voxel 10 (Large number) 
Substrate 1 
Void 1 
Adjacent Unit Cell Voxel 2 
 
Unit cell part voxels are assigned a high cost (10) to prevent the support from traversing through 
the unit cell part voxel. Substrate and void voxels are assigned a cost of 1. Adjacent voxels at the same 
z level are assigned a higher cost to prevent the support from traversing in the horizontal direction to 
minimize the possibility of overhang. This matrix is used as a basis for Dijkstra’s algorithm for building 
branches of supports connecting the interface unit cell voxels with the substrate or part unit cell voxels 
below. 
3.5 Support Generation  
After voxelizing the part space and identifying the interface unit cell voxels, actual supports are 
generated. The following section describes in detail the methodology for generating these supports. 
3.5.1 Interface Unit Cell Voxel Division 
 
This section discusses the division of the interface unit cell voxels into square or rectangular 
grids. The main objective of this kind of a division is to reduce the number of unit cell voxels for which 
Table 1. Table showing Weights of Voxels in Adjacency Matrix  
Figure 5. Discretization 
of Facets 
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 a support path has to be generated. The algorithm described below iterates through all the z levels present 
in the voxel grid.  
 After identifying the ‘interface unit cell voxels’ which are directly in contact with the part, they 
are divided into ͵ ൈ ͵ grids. All the interface unit cell voxels at a particular z level in the unit cell voxel 
grid are checked and ͵ ൈ ͵  grids are detected. Figure 6 presents the process of division of a ͵ ൈ ͵ grid 
of unit cell voxels. The initial ͵ ൈ ͵  grid (Figure 6a) is supported by 4 unit cell voxels below it (Figure 
6b) which are then supported by a single voxel below them (Figure 6c). The single unit cell voxel at the 
end of this structure is termed as ‘target unit cell voxel’ and is stored in a different matrix. By identifying 
such a type of ‘target unit cell voxel’, the number of unit cell voxels for which a support path needs to 
be generated are reduced from nine to one. These kinds of ͵ ൈ ͵ grids may not be feasible at every part 
- support interface. There may be instances where less than nine unit cell voxels are present and the 
voxels cannot be divided into a grid as large as ͵ ൈ ͵. If no such ͵ ൈ ͵ grid is detected, the possibility 
of a ʹ ൈ ʹ grid is checked, and a similar structure (Figure 7) is used to support the ʹ ൈ ʹ grid (Figure 
7a) which in turn is supported by a single target unit cell voxel below it (Figure 7b). Figure 8 depicts 
the terminology of the different types of unit cells in a 3D voxel grid. After dividing the interface unit 
cell voxels into ͵ ൈ ͵  or ʹ ൈ ʹ grids, there may be unit cell voxels which are left unsupported. These 
remaining unit cell voxels are divided into rectangular grids of ͵ ൈ ͳ  or ͳ ൈ 3 and the center voxels of 
these grids are stored in the target unit cell voxel matrix. There may still be interface unit cell voxels 
which fail to qualify for any of the three criteria mentioned before. The support for these unit cell voxels 
is generated in the latter stages of support generation. All the unit cell voxels which are divided into 
grids and their corresponding supporting unit cell voxels are assigned a value of ‘3’ in the 3D unit cell 
voxel grid. The target unit cell voxel is assigned a value of ‘5’. The next section describes the 
methodology of generating supports for the target unit cell voxels identified in this section. 
3.5.2 Support Generation for Target Unit Cell Voxels 
The support generation algorithm runs through all the target unit cell voxels (value = 5) and 
checks for a part or a substrate unit cell voxel directly below it (refer Figure 8). This is achieved by 
iterating through all the unit cell voxels directly below the target unit cell voxel and then identifying the 
unit cell voxel which has a value of ‘1’ assigned to it. This is termed as the ‘supporting unit cell voxel’. 
Unit cell voxels between the supporting unit cell voxel and the target unit cell voxel are generated and 
are assigned a value of ‘4’ in the 3D unit cell voxel grid. Table 2 represents the different types of unit 
cell voxels present in the grid and their corresponding values. After building supports for all the target 
unit cell voxels, the unsupported interface unit cell voxels (value = 2) are then detected. These are the 
Figure 6.  9-4-1 Support Structure for 3x3 grid Figure 7. 4-1 Support Structure for 2x2 
grids 
6a 6b 6c 7a 7b 
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 unit cell voxels which could not be divided into any of the grids which were explained in the previous 
section. The support building methodology for these unit cell voxels is presented in the next section.  
 
3.5.3  Support Generation for Unsupported 
Unit Cell Interface Voxels 
  All the unsupported interface unit cell voxels (value = 2) are 
identified and 
stored in a matrix. 
For all such 
interface unit cell 
voxels, the 
supporting unit 
cell voxels which 
are at a lower z level than the unsupported interface 
voxel (value = 2) are identified. The supporting unit cell 
voxels identified in this case consist of all the 
part/substrate 
voxels (value = 
1) and the 
support unit cell 
voxels generated in the previous section (value = 4) 
(refer Table 2). The supporting unit cell voxel which is closest to the unsupported unit cell interface 
voxel is chosen for support generation. Figure 9 provides an overview of the process. These two unit 
cell voxels are then passed to the Dijkstra’s algorithm (1959) to build support. 
  
Dijkstra’s Shortest Path Algorithm: 
The Dijkstra’s algorithm (1959) is used to generate the shortest path between the two unit cell 
voxels through the voxel grid. The unsupported interface unit cell voxel (value = 2) serves as the initial 
starting node and the support unit cell voxel (value = either ‘1’ or ‘4’) serves as the final goal node. The 
adjacency matrix generated in section 3.4 serves as the graphical input matrix for the algorithm. A path 
of unit cell voxels between the initial and the final node is generated such that the cost of traversal is 
minimum. The high cost assigned to the unit cell part voxels prevents the support from traveling through 
the part. The unit cell voxels in this shortest path are assigned a value of ‘4’ in the 3D voxel grid. An 
Table 2. Values of unit cells voxels and 
their interpretation 
Figure 9. Process Flow for Unsupported Voxel support Generation 
Figure 8. Target Unit Cell Voxel 
and Supporting Unit Cell Voxel 
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 example of support generation by Dijkstra’s for one unsupported unit cell voxel is shown in Figure 10. 
Figure 11 shows the Dijkstra’s algorithm applied for the support generation for a sample part. 
 
3.5.4 Building the Support in a CAD Environment 
The methodology described above generates a matrix containing the center points of the supporting 
unit cell voxels as an output. In the next step, the unit cell voxels generated as supports are integrated 
into the CAD model (NX is used for this study) of the part using an NX open API interface (Siemens 
PLM, 2015). To start with, the support unit cell voxel center point data is passed to the NX API module 
in order to generate copies of the voxels within NX CAD (Siemens PLM, 2015). These voxels are 
subsequently united using the unite function in NX and the voxel support is joined with the original part 
model in NX CAD.  
Figure 11. Example of Dijkstra’s algorithm applied to a 
sample part 
Figure 10. Target Unit Cell Voxel & Supporting Unit Cell 
Voxel 
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 3.6 Support Structure Generation Using Accessibility Constraint 
While creating support voxels, it is prudent to perform an assessment of the ease of removal of 
support structures during post processing. This assessment is included during the support generation 
step in the form of an additional accessibility constraint by checking the accessibility of supports from 
outside the part along 6 orthogonal directions. This emulates the possible directions of tool travel for 
support removal during post processing. The sample part shown in Figure 12 is used for demonstration 
of the concept of support generation using the accessibility constraint. The support structures for the 
part are initially generated using the methodology stated in the prior sections (Figure 13, 14). It can be 
observed in Figure 14 that the support voxels in the middle section will not be accessible in any of the 
orthogonal directions.  
 
Support Accessibility Evaluation: 
The algorithm for support accessibility calculation is shown in Figure 15. For every unit cell 
support voxel in the grid, voxel traversal to the end of the 3D unit cell voxel grid (outer boundary of 
part) in all 6 directions is performed. While traversing to the end of the grid, if a unit cell part voxel 
(value = 1) is not encountered in any of the 6 directions, 
the unit cell support voxel is deemed as accessible from 
the outside. This accessibility check is performed for 
only the unit cell voxels in the grid which act as 
supports to the target unit cell voxels.  
After this step, all the unit cell support voxels 
which are not accessible are deleted. The adjacency 
matrix for the Dijkstra’s algorithm is updated to include 
the costs of traversing through the inaccessible unit cell 
voxels. All the inaccessible voxels are assigned a higher 
cost to prevent the support from traversing through such 
voxels. For each of the unsupported target unit cell 
voxels, the nearest accessible supporting unit cell voxel 
is detected and support is built between these 2 voxels 
using Dijkstra’s shortest path algorithm.  
 
 Overhang Filter 
After building the support, any overhangs which may have been generated are identified. Any unit cell 
voxel in the generated support path is defined as an overhanging voxel if it does not have a supporting 
unit cell voxel directly below it. For the purpose of this study, the maximum allowable overhang has 
been set at 5 mm (Thomas, 2009) (Cloots et al., 2013). If such an overhang exists in the build support, 
Figure 13. Support for 
sample part 
Figure 14. Support Cut 
section 
Figure 12. Sample Part 
Figure 15. Support Accessibility 
Calculation 
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 they are supported by applying the support generation algorithm which was explained earlier. This 
process continues until no such ‘overhang’ remains in the generated support. To avoid an infinite loop 
within the algorithm an additional filter is added. This filter compares the x-y plane resultant distance 
(R) and the z direction (Z) distance from the unsupported unit cell voxel to the nearest accessible unit 
cell support voxel. The algorithm proceeds to build support only if R<=Z. This prevents the algorithm 
from building a large overhang support which cannot be further supported by accessible supports and 
may lead to an infinite loop.  
4 Results 
This section presents the results for the proposed support generation methodology. Two test cases 
are presented in this section to validate the support generation algorithm. The results of the test cases 
are compared to traditional solid supports on the basis of parameters support volume, total sintered area 
and the contact area of the part. The next section briefly explains the methodology for computing these 
parameters. 
4.1 Calculation of Solid Support Volume, Total Sintered Area and Contact 
Area of the Part 
Total Sintered Area: 
In an earlier publication, the co-author (Paul & Anand, 2012) calculated the sintered area for 
each slice by slicing the CAD part and then adding the area of each slice. In this work, a cubic voxel 
based method to calculate the total sintered area is applied. After building the support in NX, an STL 
file is exported which acts an input to the voxelization algorithm in MATLAB (Mathworks Inc, 2015). 
The cubic voxel size used for this is 0.1 mm, which is equal to the layer thickness by which the part will 
be manufactured. The voxel size can be adapted to any change in the layer thickness. The total number 
of voxels having a value of ‘1’ (n) in the voxelized space are determined. The total sintering area is then 
calculated as follows: 
ܶ݋ݐ݈ܽݏ݅݊ݐ݁ݎ݁݀ܽݎ݁ܽ ൌ ݊ ൈ ሺܽݎ݁ܽ݋݂ݒ݋ݔ݈݁݂ܽܿ݁ሻ ……… (2) 
where,ܽݎ݁ܽ݋݂ݒ݋ݔ݈݁݂ܽܿ݁ ൌ ͲǤͳ ൈ ͲǤͳ. 
 
Total Support Volume Calculation for Solid Supports: 
The total support volume is computed by applying the algorithm proposed by Paul and Anand 
(Paul & Anand, 2014). Initially, the STL file of the part along with the substrate and the solid support 
is voxelized using cubic voxels. Voxel traversal along the z direction (vertical) in the voxel grid is 
performed and all the trapped empty cubic voxels in between two part voxels or a part and substrate 
voxel are stored. These trapped voxels closely approximate the solid support for the given part. The 
total support volume is given by, 
ܶ݋ݐ݈ܽݏݑ݌݌݋ݎݐݒ݋݈ݑ݉݁ ൌ ܶ݋ݐ݈ܽ݊݋Ǥ ݋݂ݐݎܽ݌݌݁݀ݒ݋ݔ݈݁ݏ ൈ ܸ݋݈ݑ݉݁݋݂݄݁ܽܿݒ݋ݔ݈݁ …. (3) 
 
Support Contact Area: 
The support contact area is the summation of the area of the contact face of all the interface 
unit cell voxels. Thus, 
ܵݑ݌݌݋ݎݐܿ݋݊ݐܽܿݐܽݎ݁ܽ ൌ ݊݅ ൈ ܽݎ݁ܽ݋݂݅݊ݐ݁ݎ݂ܽܿ݁ݒ݋ݔ݈݁݂ܽܿ݁……… (4) 
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 4.2 Test Case 1 
In this example, an industry bracket (Tomek, 2013) has been chosen for cellular support 
generation. Figure 16 shows the solid support and the cellular supports for the bracket are shown in 
Figure 17 and 18. Stress analysis of the unit cell voxel support was performed using ANSYS (ANSYS 
Inc, 2015) under self-loading. Table 3 shows the Von Mises stress induced in the support structure for 
truncated octahedron. The material considered for FEA analysis was Ti-6Al-4V as this alloy is most 
commonly used in Direct Metal Laser Sintering Process. FEA results showed that the structure was safe 
with a factor of safety of more than 1000 for the truncated octahedron support. The results for the 
supports using truncated octahedron and rhombic dodecahedron cellular structures are compared with 
the solid support in Table 4. The results show a substantial decrease in the contact area, support volume, 
and total sintered area. The results also indicate that the truncated octahedron support will lead to better 
part finish because of the reduced support contact area while the rhombic dodecahedron will lead to 
reduced build time and cost.  
 
Support with Hollow Cellular Structures:  
Supports were also built using hollow cellular structures of variable wall thickness and volume 
fractions which were discussed in section 3.1. The results for the truncated octahedron and rhombic 
dodecahedron are tabulated in the Tables 5 and 6. The tables show that the support structure volume, 
sintered area, and total contact area are substantially reduced. An alternate method, wherein the only the 
interface voxels are replaced with hollow structures is also proposed in this study. Supports for the part 
using this method are shown in Figure 19. Replacing only the interface unit cell voxels with hollow 
cellular unit cells reduces the support contact area and improves the surface finish while keeping the 
Figure 17. Solid Truncated Octahedron Support 
Table 4. Comparison Table for 
Cellular Supports with Solid Unit 
Cell Voxels 
Figure 16. Fully Solid Support  
Table 3. FEA Results for the test 
cases for Truncated Octahedron 
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 stress levels developed in the structure at a minimum. Comparison of a solid cellular structure support 
with a support with the hollow interface is tabulated in Table 7.      
4.3  Test Case 2 
In this second test case, a turbine part (Safeen, 2015)(Figure 20) is considered. The results for the 
turbine are presented in Tables 8 and 9. It is observed that there is a substantial reduction in part volume, 
support contact area and sintering area when compared to solid support structures. FEA results for the 
Figure 18. Solid Rhombic Dodecahedron Support   
Table 5. Hollow Truncated Octahedron Support 
Results 
Table 6. Hollow Rhombic Dodecahedron 
Support Results Support Results 
Figure 19. Support with Hollow unit cells at the 
Interface 
Table 7. Support with Hollow Interface 
Table 8. Rhombic Dodecahedron support 
Turbine
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 Turbine are shown in Table 3. The stress analysis validates that the structure can support the component 
under self-loading.  
 
4.4 Test Case 3 
In this third test case, the results for the support generation with accessibility constraint are 
presented. The part chosen is the same as the one described in section 3.6. Figure 21 shows the support 
structures without any accessibility constraint while Figure 22 shows the support structure with an 
accessibility constraint. The inaccessible voxels in the middle section of Figure 21 are eliminated and 
accessible support voxels are built.  It can be observed in Figure 22 that there is no support structure 
behind the middle pillar of the part. The orthogonal accessibility for the support structures increases by 
11 % from 70 % for Figure 21 to 81% for Figure 22. FEA results for this kind of a support are shown in 
Table 3 and show that the support structure can support the part under self-loading.  
Figure 20. Solid Truncated Octahedron 
Support for Turbine  
Table 9. Truncated Octahedron support - 
Turbine 
Figure 22. Support Structure with 
Accessibility constraint 
Figure 21. Support Structure without accessibility 
constraint 
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 5 Conclusion 
This paper presents a new approach for support generation technique for additively manufactured 
parts using space filling solid and hollow cellular structures to build support for a given part. The method 
applies the Dijkstra’s shortest path algorithm to generate minimal cellular support for the part. Stress 
analysis performed using ANSYS proves that these structures are capable of handling the load of the 
part or the feature that they support. It is observed that there is a substantial decrease in support volume, 
sintered area and support contact area when compared with a fully solid support. The paper also presents 
a method for building optimal supports while taking into consideration accessibility of supports for post 
processing. 
Possible future work in this area will include the investigation of variable volume/density cellular 
and lattice structures for support generation. Structures having more than 14 faces (truncated 
octahedron) or 12 faces (rhombic dodecahedron) may be considered. Space filling polyhedrons such as 
truncated cuboctahedron or rhombi-cuboctahedron each of which has 26 faces can also be used. These 
structures will provide greater flexibility in support generation but may also lead to more complex 
algorithms. 
In order to validate the buildability and robustness of the proposed support structures, experimental 
validation is currently being performed. Based on the experimental results the support generation 
algorithm can be modified to include solid supports or increase volume of cellular supports to ensure 
that the supports provide adequate thermal and mechanical constraints to compensate for deformation 
of the part. 
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